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In Riemann geometry, the relations among two transversal submanifolds and global
manifold are discussed. By replacing the normal vector of a submanifold with the
tangent vector of another submanifold, the metric tensors, Christoffel symbols
and curvature tensors of the three manifolds are linked together. When the inner
product of the two tangent vectors vanishes, some corollaries of these relations
give the most important second fundamental form and Gauss-Codazzi equation
in the conventional submanifold theory. As a special case, the global manifold is
Euclidean is considered. It is pointed out that, in order to obtain the nonzero
energy-momentum tensor of matter field in a submanifold, there must be the
contributions of the above inner product and the other submanifold. In general
speaking, a submanifold is closely related to the matter fields of the other sub-
manifold through the above inner product. This conclusion is in agreement with
the Kaluza-Klein theory and it can be applied to generalize the models of direct
product of manifolds in string and D-brane theories to the more general cases —
nondirect product manifolds.
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I. INTRODUCTION
Submanifold theory has reached a fruitful stage. It has been used extensively in super-
symmetry and supergravity1,2 and, in particular, in strings, D-branes and M-theory.3−6 In one
of our recent papers,7 using the fourth-order topological tensor current and two transver-
sal submanifolds, we successfully obtain a new coordinate condition in general relativity,
which includes the Fock’s coordinate condition as a special case. Then, with the help of the
Gauss-Bonnet-Chern theorem and the transversal submanifold theory, we investigate the
inner structure of the Euler-Poincare´ characteristic in differential geometry in Ref. 8, which
gives the global, or, topological relationship of the global manifold and the two transversal
submanifolds. However, in our follow-up studies of the local, or, geometrical relations of
the three manifolds, we find that thought many important formulas (such as the induced
metric tensor, the second fundamental form and the Gauss-Codazzi equation) are obtained
in terms of the tangent and normal vectors of submanifold, there are still two problems re-
mained in the conventional submanifold theory of Riemann geometry. (i) The conventional
submanifold theory of Riemann geometry deals with the relationship mainly between the
global manifold and a single submanifold, and it always derives the geometry of submanifold
from the global manifold. Can we reverse the direction, or in other words, can we build up
the geometric quantity of global manifold by the correspondents of submanifolds? If we can,
we will have the relations among submanifolds and the global manifold, and know how the
submanifolds affect each other when the geometry of the global manifold is given. (ii) For
the lack of the concrete expression of normal vector, some material calculations can not go
forward deeply but be changed into a formal deduction. Can we replace the normal vector
by some other vectors that play the role of normal vector under some conditions? If the
answer is yes, we can extend the conventional submanifold theory of Riemann geometry. In
this paper, we will discuss these two problems with the two transversal submanifolds. The
results can be obviously used to generalize the models of direct product of manifolds in string
2
and D-brane theories to the more general cases — nondirect product manifolds.
This paper is organized as follows. In section II, as a brief review, we introduce the con-
ventional submanifold theory of Riemann geometry.9 Some useful notations are also prepared.
In section III, we study the relations of metric tensors, Christoffel symbols and curvature
tensors of the two transversal submanifolds and global manifold. When the inner product
of the tangent vectors of the two transversal submanifolds vanishes, these new relations give
the conventional submanifold theory. As a special case, the global manifold is Euclidean
is considered in section IV. Using the Einstein equation, the energy-momentum tensor of a
submanifold is investigated. The conclusion of this paper is summarized in section V.
II. THE CONVENTIONAL SUBMANIFOLD THEORY OF RIEMANN GE-
OMETRY
Let X be a k-dimensional Riemann manifold with metric tensor gµν and local coordinates
xµ (µ, ν = 1, · · · , k), and M a m-dimensional submanifold of X with local coordinates ua
(a = 1, · · · , m; m < k). Then, on M , one has
xµ = xµ(u1, · · · , um), µ = 1, · · · , k. (1)
The tangent vector basis of M can be expressed in terms of that of X as
∂
∂ua
= Bµa
∂
∂xµ
, Bµa =
∂xµ
∂ua
, (2)
and the induced metric tensor gab on M is determined by
gab = gµνB
µ
aB
ν
b , a, b = 1, · · · , m. (3)
With the definition of the normal vector LµA of M
gµνB
µ
aL
ν
A = 0, gµνL
µ
AL
ν
B = δAB, A, B = m+ 1, · · · , k (4)
3
and the inverse matrix (Baµ, L
A
µ ) of the matrix (B
µ
a , L
µ
A)
BaµB
µ
b = δ
a
b , L
A
µL
µ
B = δ
A
B, (5)
BaµL
µ
A = 0, L
A
µB
µ
a = 0, (6)
BµaB
a
ν + L
µ
AL
A
ν = δ
µ
ν , (7)
one can prove the completeness relations
gµν = gabB
a
µB
b
ν + δABL
A
µL
B
ν (8)
gµν = gabBµaB
ν
b + δ
ABLµAL
ν
B (9)
and the following formulas
gabB
b
µ = gµνB
ν
a , δABL
B
µ = gµνL
ν
A, (10)
gabBµb = g
µνBaν , δ
ABLµB = g
µνLAν , (11)
gab = gµνBaµB
b
ν , δ
AB = gµνLAµL
B
ν , (12)
gµνBaµL
A
ν = 0, (13)
where gµν and gab are the inverses of gµν and gab, respectively. The expressions of B
a
µ and
LAµ can be obtained simply by raising and lowering the indices µ, a and A of B
µ
a and L
µ
A, i.e.
Baµ = g
abgµνB
ν
b , L
A
µ = δ
ABgµνL
ν
B. (14)
After some simple calculations, the relationship between the Christoffel symbols of M and
X can be written as
Γcab = B
µ
aB
ν
bB
c
λΓ
λ
µν +B
c
µ
∂Bµa
∂ub
. (15)
The covariant derivative of Bµa is defined by
Hµab ≡ ∇aB
µ
b =
∂Bµb
∂ua
− ΓcabB
µ
c +B
ν
aΓ
µ
νλB
λ
b (16)
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which is called the Euler-Schouten curvature tensor. Substituting (15) into (16) and using
(7), the Euler-Schouten curvature Hµab is changed into
Hµab = (B
λ
aB
ρ
bΓ
ν
λρ +
∂Bνa
∂ub
)LAν L
µ
A (17)
which shows Hµab can be expanded by the normal vector L
µ
A. The expansion coefficients are
defined as the second fundamental form ΩAab, i.e.
ΩAab ≡ H
µ
abL
A
µ = (B
λ
aB
ρ
bΓ
ν
λρ +
∂Bνa
∂ub
)LAν . (18)
Therefore, the covariant derivative of Bµa can be rewritten as
Hµab = ∇aB
µ
b = Ω
A
abL
µ
A, (19)
which leads to
HµabB
c
µ = B
c
µ∇aB
µ
b = Ω
A
abL
µ
AB
c
µ = 0. (20)
Making use of (20) and the generalized Ricci formula
R dabc = B
µ
aB
ν
bB
λ
cB
d
ρR
ρ
µνλ −B
d
µ∇a∇bB
µ
c +B
d
µ∇b∇aB
µ
c , (21)
one obtains the most important Gauss-Codazzi equation in the conventional submanifold
theory of Riemann geometry
R dabc = B
µ
aB
ν
bB
λ
cB
d
ρR
ρ
µνλ +∇aB
d
µ∇bB
µ
c −∇bB
d
µ∇aB
µ
c (22)
where R dabc and R
ρ
µνλ are the curvature tensors of M and X , respectively.
So far, one can see that all of the above consequences are based on the normal vector
LµA, i.e. the definition (4). Though the normal vector takes great success in the conventional
submanifold theory, it can not give the relationship between two submanifolds. In our
recent papers,7,8 we have obtained two transversal submanifolds and, then, we can replace
the normal vector by the tangent vector of another submanifold. However, in this case, the
orthogonal and orthonormal conditions in (4) are not held in general.
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III. THE RELATIONS AMONG TWO TRANSVERSAL SUBMANIFOLDS
AND GLOBAL MANIFOLD
Besides of the above-discussed submanifold M , let N be another n-dimensional subman-
ifold of X with n = k−m and local coordinates vA (A = 1, · · · , n). The parametric equation
of N is
xµ = xµ(v1, · · · , vn). (23)
Similarly, the tangent vector basis of N can be expressed as
∂
∂vA
= CµA
∂
∂xµ
, CµA =
∂xµ
∂vA
, (24)
and the induced metric tensor gAB is given by
gAB = gµνC
µ
AC
ν
B, A, B = 1, · · · , n. (25)
In the following, in order to investigate the relations among X , M and N , we will consider
the case that M and N are transversal at a point p ∈ X . Under this condition, we have
Tp(X) = Tp(M) + Tp(N), (26)
where Tp(X), Tp(M) and Tp(N) are the tangent spaces of X , M and N at p, respectively.
The expression (26) is to say
∂
∂xµ
= Baµ
∂
∂ua
+ CAµ
∂
∂vA
, k = m+ n, (27)
in which Baµ and C
A
µ are the expansion coefficients of ∂/∂x
µ in terms of ∂/∂ua and ∂/∂vA,
respectively. Then, substituting (27) into (2) and (24), we obtain
BµaB
b
µ = δ
b
a, B
µ
aC
A
µ = 0, (28)
CµAB
a
µ = 0, C
µ
AC
B
µ = δ
B
A . (29)
While inserting (2) and (24) into (27) gives
BaµB
ν
a + C
A
µ C
ν
A = δ
ν
µ. (30)
6
The formulas (28) — (30) tell us that the expansion coefficients Baµ and C
A
µ are just deter-
mined by the inverse matrix of the matrix (Bµa , C
µ
A).
Now, we can discuss the relations among gµν , gab and gAB. Using gµν = gλρδ
λ
µδ
ρ
ν , from
(3), (25) and (30) we can prove
gµν = gabB
a
µB
b
ν + gλρB
λ
aC
ρ
AB
a
µC
A
ν + gλρC
λ
AB
ρ
aC
A
µB
a
ν + gABC
A
µ C
B
ν . (31)
Corresponding to the orthogonal relation in (4), the inner product of ∂/∂ua and ∂/∂vA is
defined as
gaA ≡<
∂
∂ua
,
∂
∂vA
>= gµνB
µ
aC
ν
A (32)
satisfying
gaA = gAa. (33)
When CµA is orthogonal to B
µ
a , we have gaA = 0. So, (31) can be further read as
gµν = gabB
a
µB
b
ν + gaA(B
a
µC
A
ν + C
A
µB
a
ν ) + gABC
A
µ C
B
ν (34)
which is the generalization of the completeness relation (8). When gaA = 0 and gAB = δAB,
(34) goes back to (8). (34) is nothing but what we seek to show the relations among gµν ,
gab and gAB. From (34) we see that, besides of the contributions of gab and gAB, there are
still the mixed terms of gaA in gµν , which will lead to very important new results in our later
calculations. The generalizations of the formulas (10) — (12) are
gµνB
ν
a = gabB
b
µ + gaAC
A
µ , (35)
gµνC
ν
A = gABC
B
µ + gaAB
a
µ, (36)
gµνBaν = g
abBµb − g
µνgabgbAC
A
ν , (37)
gµνCAν = g
ABCµB − g
µνgABgaBB
a
ν , (38)
gab = gµνBaµB
b
ν + g
µνgacgcAC
A
ν B
b
µ, (39)
gAB = gµνCAµ C
B
ν + g
µνgADgaDB
a
νC
B
µ , (40)
7
which will return to (10) — (12) when gaA = 0 and gAB = δAB, where g
AB is the inverse
of gAB. Comparing (35) — (40) with (10) — (12), we stress that, besides of the differences
between the conventional terms, the most important are the additional terms of gaA because
they provide another way of linking the indices µ and a or µ and A. Due to the existence of
gaA, the expressions of B
a
µ and C
A
µ are no longer as in (14) but become the equations of B
a
µ
and CAµ
Baµ = gµνg
abBνb − g
abgbAC
A
µ (41)
CAµ = gµνg
ABCνB − g
ABgaBB
a
µ. (42)
Eliminating CAµ in (41) and B
a
µ in (42), we get
(gab − gaAg
ABgbB)B
a
µ = gµν(B
ν
b − gbAg
ABCνB) (43)
(gAB − gaAg
abgbB)C
A
µ = gµν(C
ν
B − gaBg
abBνb ) (44)
which can be looked upon as another definitions of Baµ and C
A
µ . It is obvious that (41) —
(44) can go back to (14) when gaA = 0 and gAB = δAB.
In the following, we will study the relations among the Christoffel symbols of X , M and
N . From (34), the relationship among Γλµν , Γ
c
ab and Γ
D
AB can be calculated out to be
Γλµν = B
a
µB
b
νg
λρBdρgdcΓ
c
ab + C
A
µ C
B
ν g
λρCEρ gEDΓ
D
AB
+Bλa
∂Baν
∂xµ
+ CλA
∂CAν
∂xµ
+
1
2
γλµν (45)
where
γλµν = g
λρBaρC
A
ν
∂gaA
∂xµ
+ gλρCAρ B
a
ν
∂gaA
∂xµ
+ gλρBaρC
A
µ
∂gaA
∂xν
+gλρCAρ B
a
µ
∂gaA
∂xν
− gλρBaµC
A
ν
∂gaA
∂xρ
− gλρCAµB
a
ν
∂gaA
∂xρ
(46)
is the contribution of the first-order derivative of gaA. The effect of gaA is included in the
factors gλρBdρgdc and g
λρCEρ gED. From (45), Γ
c
ab can be expressed in terms of Γ
λ
µν as
Γcab = B
µ
aB
ν
b g
cdBρdgρλΓ
λ
µν + g
cdBρdgρλ
∂Bλb
∂ua
. (47)
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When gaA = 0, from (41) we have g
cdBρdgρλ = B
c
λ. Then,
Γcab = B
µ
aB
ν
bB
c
λΓ
λ
µν +B
c
λ
∂Bλb
∂ua
(48)
which is just the formula given in (15). So, we see that the relationship between Γcab and
Γλµν in the conventional submanifold theory is a special case of (47) which is only a corollary
of (45). The similar consequences are held for ΓDAB, too. In this sense, (45) is the total
relationship among Γλµν , Γ
c
ab and Γ
D
AB. Since the effect of gaA has been considered in (45)
and (47), the covariant derivative of Bµa can be still defined by
∇aB
µ
b =
∂Bµb
∂ua
− ΓcabB
µ
c +B
ν
aΓ
µ
νλB
λ
b . (49)
However, under the present condition, from (47) ∇aB
µ
b can be represented by
∇aB
µ
b = (B
λ
aB
ρ
bΓ
ν
λρ +
∂Bνb
∂ua
)CAν C
µ
A − (B
λ
aB
ρ
bΓ
ν
λρ +
∂Bνb
∂ua
)CAν gdAg
cdBµc (50)
which shows ∇aB
µ
b can not be expanded by C
µ
A only but by B
µ
a and C
µ
A together. This
extension is also due to the existence of gaA. Corresponding to the second fundamental form
defined in (18), let us denote the expansion coefficients as
ΘAab ≡ (∇aB
µ
b )C
A
µ , Φ
c
ab ≡ (∇aB
µ
b )B
c
µ. (51)
Then,
ΘAab = (B
λ
aB
ρ
bΓ
ν
λρ +
∂Bνb
∂ua
)CAν (52)
Φcab = −(B
λ
aB
ρ
bΓ
ν
λρ +
∂Bνb
∂ua
)CAν gdAg
dc (53)
and
∇aB
µ
b = Θ
A
abC
µ
A + Φ
c
abB
µ
c . (54)
One may have noticed that the expansion coefficients are not independent. They are related
by
Φcab = −Θ
A
abgdAg
dc. (55)
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Though ∇aB
µ
b can not be expanded by C
µ
A only, we find ∇a(g
bcgµνB
ν
c ) does, i.e.
∇a(g
bcgµνB
ν
c ) =
∂(gbcgµνB
ν
c )
∂ua
+ Γbacg
cdgµνB
ν
d − B
ν
aΓ
λ
νµg
bcgλρB
ρ
c
=
∂(gbcgµνB
ν
c )
∂ua
− BνaΓ
λ
νµg
bcgλρB
ρ
c + Γ
b
acg
cdgdAC
A
µ + Γ
b
acB
c
µ
= (
∂(gbcgνλB
λ
c )
∂ua
+ Γbacg
cdgνλB
λ
d −B
λ
aΓ
ρ
λνg
bcgραB
α
c )C
ν
AC
A
µ
= (∇a(g
bcgνλB
λ
c ))C
ν
AC
A
µ (56)
which leads to
(∇a(g
bcgµνB
ν
c ))B
µ
d = 0. (57)
So, ∇a(g
bcgµνB
ν
c ) will play the role of ∇aB
b
µ in some places, such as in the Gauss-Codazzi
equation.
Now, let us consider the relations of the curvature tensors of X , M and N . Similar to
the covariant derivatives of Bµa and C
µ
A in the conventional submanifold theory, we denote
the notations ∇µB
ν
a , ∇µB
a
ν , ∇µC
ν
A and ∇µC
A
ν as
∇µB
ν
a = B
b
µ
∂Bνa
∂ub
−BbµΓ
c
baB
ν
c + Γ
ν
µλB
λ
a (58)
∇µB
a
ν =
∂Baν
∂xµ
+BbµΓ
a
bcB
c
ν − Γ
λ
µνB
a
λ (59)
∇µC
ν
A = C
B
µ
∂CνA
∂vB
− CBµ Γ
D
BAC
ν
D + Γ
ν
µλC
λ
A (60)
∇µC
A
ν =
∂CAν
∂xµ
+ CBµ Γ
A
BDC
D
ν − Γ
λ
µνC
A
λ . (61)
Then, after long and complicated calculations, the curvature tensor R ρµνλ of X can be
expressed by
R ρµνλ = B
a
µB
b
νB
c
λg
ρσBdσgdeR
e
abc + C
A
µ C
B
ν C
D
λ g
ρσCEσ gEFR
F
ABD
+∇µB
ρ
a∇νB
a
λ +∇µC
ρ
A∇νC
A
λ −∇νB
ρ
a∇µB
a
λ −∇νC
ρ
A∇µC
A
λ
+Θ+ Λ+ Φ +Ψ+ Ω + Σ (62)
where R dabc and R
E
ABD are the curvature tensors of M and N , and
Θ = −gaA(
∂Bdα
∂xµ
BbνB
c
λB
ρ
dg
αβCAβ Γ
a
bc +
∂CBα
∂xµ
BbνB
c
λC
ρ
Bg
αβCAβ Γ
a
bc +
∂(gρσCAσ )
∂xµ
BbνB
c
λΓ
a
bc
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+
∂CEα
∂xµ
CBν C
D
λ C
ρ
Eg
αβBaβΓ
A
BD +
∂Bbα
∂xµ
CBν C
D
λ B
ρ
b g
αβBaβΓ
A
BD
+
∂(gρσBaσ)
∂xµ
CBν C
D
λ Γ
A
BD + C
B
µ C
D
ν C
E
λ g
ρσCFσ gFGC
H
α g
αβBaβΓ
G
BHΓ
A
DE
+CBµ B
b
νB
c
λg
ρσCDσ gDEC
F
α g
αβCAβ Γ
E
BFΓ
a
bc +B
b
µB
c
νB
d
λg
ρσBeσgefB
g
αg
αβCAβ Γ
f
bgΓ
a
cd
+BbµC
B
ν C
D
λ g
ρσBcσgcdB
e
αg
αβBaβΓ
d
beΓ
A
BD −
∂Bdα
∂xν
BbµB
c
λB
ρ
dg
αβCAβ Γ
a
bc
−
∂CBα
∂xν
BbµB
c
λC
ρ
Bg
αβCAβ Γ
a
bc −
∂(gρσCAσ )
∂xν
BbµB
c
λΓ
a
bc −
∂CEα
∂xν
CBµ C
D
λ C
ρ
Eg
αβBaβΓ
A
BD
−
∂Bbα
∂xν
CBµ C
D
λ B
ρ
b g
αβBaβΓ
A
BD − C
B
ν C
D
µ C
E
λ g
ρσCFσ gFGC
H
α g
αβBaβΓ
G
BHΓ
A
DE
−CBν B
b
µB
c
λg
ρσCDσ gDEC
F
α g
αβCAβ Γ
E
BFΓ
a
bc − B
b
νB
c
µB
d
λg
ρσBeσgefB
g
αg
αβCAβ Γ
f
bgΓ
a
cd
−
∂(gρσBaσ)
∂xν
CBµ C
D
λ Γ
A
BD −B
b
νC
B
µ C
D
λ g
ρσBcσgcdB
e
αg
αβBaβΓ
d
beΓ
A
BD) (63)
Λ = gaAgbB(B
c
µB
d
νB
e
λg
ρσCBσ B
f
αg
αβCAβ Γ
a
deΓ
b
cf +B
c
µC
D
ν C
E
λ g
ρσCBσ B
d
αg
αβBaβΓ
b
cdΓ
A
DE
+CDµ C
E
ν C
F
λ g
ρσBbσC
G
α g
αβBaβΓ
A
EFΓ
B
DG + C
D
µ B
c
νB
d
λg
ρσBbσC
E
α g
αβCAβ Γ
a
cdΓ
B
DE
−BcνB
d
µB
e
λg
ρσCBσ B
f
αg
αβCAβ Γ
a
deΓ
b
cf − B
c
νC
D
µ C
E
λ g
ρσCBσ B
d
αg
αβBaβΓ
b
cdΓ
A
DE
−CDν C
E
µ C
F
λ g
ρσBbσC
G
α g
αβBaβΓ
A
EFΓ
B
DG − C
D
ν B
c
µB
d
λg
ρσBbσC
E
α g
αβCAβ Γ
a
cdΓ
B
DE) (64)
Φ = −
∂gaA
∂xµ
BbνB
c
λg
ρσCAσ Γ
a
bc −
∂gaA
∂xµ
CBν C
D
λ g
ρσBaσΓ
A
BD +
1
2
∂gaA
∂xν
∂(gρσBaσC
A
λ )
∂xµ
+
1
2
∂gaA
∂xν
∂(gρσCAσ B
a
λ)
∂xµ
+
1
2
∂gaA
∂xλ
∂(gρσBaσC
A
ν )
∂xµ
+
1
2
∂gaA
∂xλ
∂(gρσCAσ B
a
ν )
∂xµ
−
1
2
∂gaA
∂xσ
∂(gρσBaνC
A
λ )
∂xµ
−
1
2
∂gaA
∂xσ
∂(gρσCAν B
a
λ)
∂xµ
+
1
2
Baµg
ρσBcσgcdB
b
αΓ
d
abγ
α
νλ
+
1
2
CAµ g
ρσCDσ gDEC
B
α Γ
E
ABγ
α
νλ +
1
2
Bρa
∂Baα
∂xµ
γανλ +
1
2
CρA
∂CAα
∂xµ
γανλ
+
1
2
BaνB
b
λg
αβBcβgcdΓ
d
abγ
ρ
µα +
1
2
CAν C
B
λ g
αβCDβ gDEΓ
E
ABγ
ρ
µα +
1
2
Bαa
∂Baλ
∂xν
γρµα
+
1
2
CαA
∂CAλ
∂xν
γρµα +
∂gaA
∂xν
BbµB
c
λg
ρσCAσ Γ
a
bc +
∂gaA
∂xν
CBµ C
D
λ g
ρσBaσΓ
A
BD
−
1
2
∂gaA
∂xµ
∂(gρσBaσC
A
λ )
∂xν
−
1
2
∂gaA
∂xµ
∂(gρσCAσ B
a
λ)
∂xν
−
1
2
∂gaA
∂xλ
∂(gρσBaσC
A
µ )
∂xν
−
1
2
∂gaA
∂xλ
∂(gρσCAσ B
a
µ)
∂xν
+
1
2
∂gaA
∂xσ
∂(gρσBaµC
A
λ )
∂xν
+
1
2
∂gaA
∂xσ
∂(gρσCAµB
a
λ)
∂xν
−
1
2
Baνg
ρσBcσgcdB
b
αΓ
d
abγ
α
µλ −
1
2
CAν g
ρσCDσ gDEC
B
α Γ
E
ABγ
α
µλ −
1
2
Bρa
∂Baα
∂xν
γαµλ
−
1
2
CρA
∂CAα
∂xν
γαµλ −
1
2
BaµB
b
λg
αβBcβgcdΓ
d
abγ
ρ
να −
1
2
CAµ C
B
λ g
αβCDβ gDEΓ
E
ABγ
ρ
να
11
−
1
2
Bαa
∂Baλ
∂xµ
γρνα −
1
2
CαA
∂CAλ
∂xµ
γρνα (65)
Ψ = −
1
2
gaA(B
b
µg
ρσCAσ B
c
αΓ
a
bcγ
α
νλ + C
B
µ g
ρσBaσC
D
α Γ
A
BDγ
α
νλ +B
b
νB
c
λg
αβCAβ Γ
a
bcγ
ρ
µα
+CBν C
D
λ g
αβBaβΓ
A
BDγ
ρ
µα − B
b
νg
ρσCAσ B
c
αΓ
a
bcγ
α
µλ − C
B
ν g
ρσBaσC
D
α Γ
A
BDγ
α
µλ
−BbµB
c
λg
αβCAβ Γ
a
bcγ
ρ
να − C
B
µ C
D
λ g
αβBaβΓ
A
BDγ
ρ
να) (66)
Ω =
1
2
γρµαγ
α
νλ −
1
2
γρναγ
α
µλ (67)
Σ =
1
2
∂2gaA
∂xµ∂xλ
gρσBaσC
A
ν +
1
2
∂2gaA
∂xµ∂xλ
gρσCAσ B
a
ν −
1
2
∂2gaA
∂xµ∂xσ
gρσBaνC
A
λ
−
1
2
∂2gaA
∂xµ∂xσ
gρσCAν B
a
λ −
1
2
∂2gaA
∂xν∂xλ
gρσBaσC
A
µ −
1
2
∂2gaA
∂xν∂xλ
gρσCAσ B
a
µ
+
1
2
∂2gaA
∂xν∂xσ
gρσBaµC
A
λ +
1
2
∂2gaA
∂xν∂xσ
gρσCAµB
a
λ, (68)
in which γλµν includes the first-order partial derivatives of gaA and is defined in (46). Hence,
Θ, Λ, Φ, Ψ, Ω and Σ are the contributions of gaA, gaAgbB, ∂gaA, gaA∂gbB , ∂gaA∂gbB and
∂2gaA, respectively. Though the expressions of R
ρ
µνλ in (62) — (68) are very complicated
and strongly nonlinear, the curvature tensor R dabc ofM can be represented in terms of R
ρ
µνλ
simply as
R dabc = B
µ
aB
ν
bB
λ
c g
deBσe gσρR
ρ
µνλ +∇a(g
deBµe gµν)∇bB
ν
c
−∇b(g
deBµe gµν)∇aB
ν
c (69)
where
∇a(g
deBµe gµν) =
∂(gdeBµe gµν)
∂ua
+ Γdabg
beBµe gµν − B
λ
aΓ
ρ
λνg
deBµe gµρ (70)
∇bB
ν
c =
∂Bνc
∂ub
− ΓabcB
ν
a +B
µ
b Γ
ν
µλB
λ
c (71)
are the covariant derivatives of gdeBµe gµν and B
ν
c . When gaA = 0, the two tangent vectors B
µ
a
and CµA ofM and N are orthogonal each other and C
µ
A plays the role of the normal vector of
Bµa in the conventional submanifold theory. In this case, from (41) we have g
deBσe gσρ = B
d
ρ
and then
R dabc = B
µ
aB
ν
bB
λ
cB
d
ρR
ρ
µνλ +∇aB
d
µ∇bB
µ
c −∇bB
d
µ∇aB
µ
c (72)
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which is just the most important Gauss-Codazzi equation in the conventional submanifold
theory of Riemann geometry. So, we see that the Gauss-Codazzi equation is a special case of
(69) which is only a corollary of (62). The similar consequences are held for R EABD , too. In
this sense, (62) — (68) are the total relationship among R ρµνλ , R
d
abc and R
E
ABD . Comparing
(69) with (72), as indicated in above, ∇a(g
deBµe gµν) takes the place of ∇aB
d
ν in the general
case. The formulas derived in this section can be applied to generalize the models of direct
product of manifolds in string and D-brane theories to the more general cases — nondirect
product manifolds.
IV. A SPECIAL CASE
In this section, we do not pay more attention to the condition gaA = 0 which has been
studied extensively in Riemann geometry, but change to consider the case gµν = δµν , i.e. the
global manifold X is Euclidean. In this case, we have
gµν = δµν , Γ
λ
µν = 0, R
ρ
µνλ = 0. (73)
This is the condition that we obtain a new coordinate condition in general relativity,7 which
includes the Fock’s coordinate condition as a special case. Then, in order to maintain the
Euclidean property of X , the induced metric tensors and the Christoffel symbols of M and
N must satisfy
δµν = gabB
a
µB
b
ν + gaA(B
a
µC
A
ν + C
A
µB
a
ν ) + gABC
A
µ C
B
ν (74)
and
0 = BaµB
b
νδ
λρBdρgdcΓ
c
ab + C
A
µ C
B
ν δ
λρCEρ gEDΓ
D
AB +B
λ
a
∂Baν
∂xµ
+ CλA
∂CAν
∂xµ
+
1
2
γλµν , (75)
respectively. In this case, gab and Γ
c
ab are represented by
gab = δµνB
µ
aB
ν
b (76)
Γcab = g
cdBµd δµν
∂Bνb
∂ua
. (77)
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Here, we point out that (76) is not the vielbein expression of gab because the dimension of µ
is not equal to that of a and Bµa is not the vielbein field. And (77) is quite different from the
corresponding form of Γcab in (15) because (77) includes the contribution of C
A
µ in g
cdBµd δµν
by taking account of (41). In fact, this conclusion is also held for (47) in the general case
because these two transversal submanifolds must maintain the geometric property of the
given global manifold. On the curvature tensors R dabc and R
E
ABD of M and N , we have
0 = BaµB
b
νB
c
λδ
ρσBdσgdeR
e
abc + C
A
µ C
B
ν C
D
λ δ
ρσCEσ gEFR
F
ABD
+DµB
ρ
aDνB
a
λ +DµC
ρ
ADνC
A
λ −DνB
ρ
aDµB
a
λ −DνC
ρ
ADµC
A
λ
+Θ′ + Λ′ + Φ′ (78)
where
DµB
ρ
a = B
b
µ
∂Bρa
∂ub
−BbµΓ
c
baB
ρ
c , DνB
a
λ =
∂Baλ
∂xν
+BbνΓ
a
bcB
c
λ (79)
DµC
ρ
A = C
B
µ
∂CρA
∂vB
− CBµ Γ
D
BAC
ρ
D, DνC
A
λ =
∂CAλ
∂xν
+ CBν Γ
A
BDC
D
λ (80)
and
Θ′ = gaA(B
b
µB
d
νB
e
λδ
ρσCAσ Γ
a
bcΓ
c
de + C
B
µ C
E
ν C
F
λ δ
ρσBaσΓ
A
BDΓ
D
EF +B
b
µδ
ρσCAσ
∂Bcλ
∂xν
Γabc
+CBµ δ
ρσBaσΓ
A
BD
∂CDλ
∂xν
−
∂CAσ
∂xµ
BbνB
c
λδ
ρσΓabc −
∂Baσ
∂xµ
CBν C
D
λ δ
ρσΓABD
−BbνB
d
µB
e
λδ
ρσCAσ Γ
a
bcΓ
c
de − C
B
ν C
E
µ C
F
λ δ
ρσBaσΓ
A
BDΓ
D
EF − B
b
νδ
ρσCAσ
∂Bcλ
∂xµ
Γabc
−CBν δ
ρσBaσΓ
A
BD
∂CDλ
∂xµ
+
∂CAσ
∂xν
BbµB
c
λδ
ρσΓabc +
∂Baσ
∂xν
CBµ C
D
λ δ
ρσΓABD) (81)
Λ′ = −
∂gaA
∂xµ
BbνB
c
λδ
ρσCAσ Γ
a
bc −
∂gaA
∂xµ
CBν C
D
λ δ
ρσBaσΓ
A
BD +
1
2
∂gaA
∂xν
δρσ
∂(BaσC
A
λ )
∂xµ
+
1
2
∂gaA
∂xν
δρσ
∂(CAσ B
a
λ)
∂xµ
+
1
2
∂gaA
∂xλ
δρσ
∂(BaσC
A
ν )
∂xµ
+
1
2
∂gaA
∂xλ
δρσ
∂(CAσ B
a
ν )
∂xµ
−
1
2
∂gaA
∂xσ
δρσ
∂(BaνC
A
λ )
∂xµ
−
1
2
∂gaA
∂xσ
δρσ
∂(CAν B
a
λ)
∂xµ
+
∂gaA
∂xν
BbµB
c
λδ
ρσCAσ Γ
a
bc
+
∂gaA
∂xν
CBµ C
D
λ δ
ρσBaσΓ
A
BD −
1
2
∂gaA
∂xµ
δρσ
∂(BaσC
A
λ )
∂xν
−
1
2
∂gaA
∂xµ
δρσ
∂(CAσ B
a
λ)
∂xν
−
1
2
∂gaA
∂xλ
δρσ
∂(BaσC
A
µ )
∂xν
−
1
2
∂gaA
∂xλ
δρσ
∂(CAσ B
a
µ)
∂xν
+
1
2
∂gaA
∂xσ
δρσ
∂(BaµC
A
λ )
∂xν
+
1
2
∂gaA
∂xσ
δρσ
∂(CAµ B
a
λ)
∂xν
(82)
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Φ′ =
1
2
∂2gaA
∂xµ∂xλ
δρσBaσC
A
ν +
1
2
∂2gaA
∂xµ∂xλ
δρσCAσ B
a
ν −
1
2
∂2gaA
∂xµ∂xσ
δρσBaνC
A
λ
−
1
2
∂2gaA
∂xµ∂xσ
δρσCAν B
a
λ −
1
2
∂2gaA
∂xν∂xλ
δρσBaσC
A
µ −
1
2
∂2gaA
∂xν∂xλ
δρσCAσ B
a
µ
+
1
2
∂2gaA
∂xν∂xσ
δρσBaµC
A
λ +
1
2
∂2gaA
∂xν∂xσ
δρσCAµB
a
λ (83)
are the contributions of gaA, ∂gaA and ∂
2gaA, respectively. Correspondingly, R
d
abc in (69)
becomes
R dabc = Da(g
deBµe δµν)DbB
ν
c −Db(g
deBµe δµν)DaB
ν
c (84)
in which
Da(g
deBµe δµν) =
∂(gdeBµe δµν)
∂ua
+ Γdabg
beBµe δµν (85)
DbB
ν
c =
∂Bνc
∂ub
− ΓabcB
ν
a (86)
are the covariant derivatives of gdeBµe δµν and B
ν
c in the present condition. From (77) R
d
abc
is further read as
R dabc =
∂(gdiBλi δλρ)
∂ua
(CρA −B
ρ
fg
fegeA)C
A
ν
∂Bνc
∂ub
−
∂(gdiBλi δλρ)
∂ub
(CρA − B
ρ
fg
fegeA)C
A
ν
∂Bνc
∂ua
. (87)
Since CµA has nothing to do with u
a, we obtain
R dabc =
∂(gdegeA)
∂ua
CAµ
∂Bµc
∂ub
−
∂(gdeBµe δµν)
∂ua
Bνf g
fgggAC
A
λ
∂Bλc
∂ub
−
∂(gdegeA)
∂ub
CAµ
∂Bµc
∂ua
+
∂(gdeBµe δµν)
∂ub
Bνf g
fgggAC
A
λ
∂Bλc
∂ua
= Da(g
degeA)C
A
µ
∂Bµc
∂ub
−Db(g
degeA)C
A
µ
∂Bµc
∂ua
. (88)
We see that when gaA = 0, R
d
abc = 0 and when gaA 6= 0, R
d
abc may not vanish. What does
this mean? From (34) we know that when gaA = 0, the global manifold X is the direct
product of M and N . Under this condition, (88) tells us when X is Euclidean, both the two
submanifolds M and N are Euclidean, too, i.e. Rk = Rm×Rn. This is the trivial case either
in mathematic or in physics. However, when gaA 6= 0, X can not be expressed as the direct
product of M and N . Even when X is Euclidean, M and N are not Euclidean but affect
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each other through gaA. In this sense, we say gaA is the bridge between M and N . After the
symmetrization, the Ricci tensor of M is
Rbc = −
1
2
(gafBνf δνλ
∂(Bλd g
degeA)
∂ub
CAµ
∂Bµc
∂ua
+ gafBνf δνλ
∂(Bλd g
degeA)
∂uc
CAµ
∂Bµb
∂ua
)
+gafBνf δνλ
∂(Bλd g
degeA)
∂ua
CAµ
∂Bµc
∂ub
(89)
which gives the scalar curvature
R = −Bσa g
afBνf δνλ(
∂(Bλd g
degeA)
∂xσ
∂CAµ
∂xρ
−
∂(Bλd g
degeA)
∂xρ
∂CAµ
∂xσ
)Bρb g
bcBµc . (90)
Then one has
Rij −
1
2
gijR = −
1
2
Bσa g
afBνf δνλ(
∂(Bλd g
degeA)
∂xσ
∂CAµ
∂xρ
−
∂(Bλd g
degeA)
∂xρ
∂CAµ
∂xσ
)
BρbB
µ
c (δ
b
i δ
c
j + δ
b
jδ
c
i − g
bcgij). (91)
Corresponding to the Einstein equation of M
Rij −
1
2
gijR = −8piGTij , (92)
the energy-momentum tensor of matter field in M is determined by
Tij =
1
16piG
Bσa g
afBνf δνλ(
∂(Bλd g
degeA)
∂xσ
∂CAµ
∂xρ
−
∂(Bλd g
degeA)
∂xρ
∂CAµ
∂xσ
)
BρbB
µ
c (δ
b
i δ
c
j + δ
b
jδ
c
i − g
bcgij) (93)
in which G is the Newton constant. Here one can see that, in order to obtain the nonzero
energy-momentum tensor Tij of matter field, there must be the contributions of the bridge gaA
and the transversal submanifold N . So we conclude that the other transversal submanifold
N is closely related to the matter fields of the submanifold M . This conclusion is the
significant generalization to the conventional submanifold theory of Riemann geometry and
it is in agreement with the Kaluza-Klein theory, of which the high-dimensional coordinates
of space-time are linked to the gauge fields through the so-called dimensional reduction.
V. CONCLUSIONS
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In this paper, by replacing the normal vector of a submanifold with the tangent vector
of another submanifold, the total relations of the metric tensors, Christoffel symbols and
curvature tensors of two transversal submanifolds and global manifold are discussed. The
corresponding formulas are the generalizations of the conventional submanifold theory of
Riemann geometry. When the inner product of the two tangent vectors vanishes, all of the
above consequences will return to the conventional submanifold theory and some corollaries
will give the most important second fundamental form and Gauss-Codazzi equation. As a
special case, the global manifold is Euclidean is considered. It is pointed out that, in order to
maintain the property of the given global manifold, the metric tensors, Christoffel symbols
and curvature tensors of the two transversal submanifolds must satisfy some conditions. Fur-
thermore, the above inner product plays the role of bridge through which the two transversal
submanifolds affect each other and one submanifold is closely related to the matter fields of
another submanifold. This conclusion is the significant generalization to the conventional
submanifold theory of Riemann geometry and it is in agreement with the Kaluza-Klein the-
ory, of which the high-dimensional coordinates of space-time are linked to the gauge fields
through the so-called dimensional reduction. The consequences obtained in this paper can
be applied to generalize the models of direct product of manifolds in string and D-brane
theories to the more general cases — nondirect product manifolds. The applications of this
paper will be studied in our later work.
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